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Abstract. The formation mechanism of supermassive black holes (SMBHs) in
general, and of ∼ 109 M⊙ SMBHs observed as luminous quasars at redshifts
z > 6 in particular, remains an open fundamental question. The presence of
such massive BHs at such early times, when the Universe was less than a billion
years old, implies that they grew via either super-Eddington accretion, or nearly
uninterrupted gas accretion near the Eddington limit; the latter, at first glance, is
at odds with empirical trends at lower redshifts, where quasar episodes associated
with rapid BH growth are rare and brief. In this work, I examine whether and
to what extent the growth of the z > 6 quasar SMBHs can be explained within
the standard quasar paradigm, in which major mergers of host galaxies trigger
episodes of rapid gas accretion below or near the Eddington limit. Using a suite of
Monte Carlo merger tree simulations of the assembly histories of the likely hosts
of the z > 6 quasars, I investigate (i) their growth and major merger rates out to
z ∼ 40, and (ii) how long the feeding episodes induced by host mergers must last
in order to explain the observed z ∼
> 6 quasar population without super-Eddington
accretion. The halo major merger rate scales roughly as ∝ (1+z)5/2, with quasar
hosts typically experiencing ∼
> 10 major mergers between 15 > z > 6 (≈ 650 Myr),
compared to ∼ 1 for typical massive galaxies at 3 > z > 0 (≈ 11 Gyr). An
example of a viable sub-Eddington SMBH growth model is one where a host
merger triggers feeding for a duration comparable to the halo dynamical time.
These findings suggest that the growth mechanisms of the earliest quasar SMBHs
need not have been drastically different from their counterparts at lower redshifts.
1. Introduction
Observations have established the presence of a supermassive black hole (SMBH) in
the center of virtually every massive galaxy in the local Universe [1]. There is a
large body of circumstantial evidence suggesting that feedback from SMBHs during
luminous accretion episodes—active galactic nuclei or quasars—plays prominent roles
in galaxy evolution [2, and references within]. Quasar activity also helped to reionize
and heat the intergalactic medium [3, 4], which may have influenced the formation
and evolution of low-mass galaxies and their central BHs [5, 6, 7, 8, 9].
The origins of these cosmic behemoths remain a fundamental unsolved problem
[see reviews by 10, 11, 12]. Particularly puzzling are the SMBHs with masses in excess
of 109 M⊙ powering luminous quasars at redshifts z ∼
> 6 [13, 14, 15, 16, 17, 18, 19],
less than 1 Gyr after the big bang. To reach such masses in so short a time, these
SMBHs must have either accreted nearly continuously near the Eddington limit [e.g.
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20, 21, 22] or undergone episodes of super-Eddington accretion [23, 24, 25, 26, 27, 28]—
regardless of whether they formed as the remnants of the first generation of stars
[29, 30] or through the ‘direct collapse’ of atomic-cooling gas [31, 32, 33, 34, 35, 36,
37, 38, 39, 40, 41, 42, 43, 44]. The notion that SMBHs accreted nearly uninterrupted
runs counter to expectations from observations at lower redshifts (z ∼
< 2), where only
a small fraction of SMBHs are undergoing quasar episodes, which are estimated to
last for 1 to 100 Myr [e.g. 45, 46, 47, 48].
In this paper, I show that steady and prolific growth of nuclear BHs at z > 6 can
be reconciled with their relative inactivity at lower redshifts if gas accretion episodes
near the Eddington limit are triggered by major mergers of the BH’s host galaxy or
dark matter halo. Major mergers of galaxies have long been associated with quasar
activity [49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60]. (Note, however, that luminous
accretion can also be triggered by secular processes [e.g. 61, 62, 63, 64].) Previously,
Li et al. [54, see §3] argued, by examining the hierarchical growth of an exceptionally
massive dark matter halo a large cosmological simulation, that host major mergers
provide a plausible explanation for the growth of z ∼
> 6 quasar SMBHs. Here, I use
a semi-analytic Monte Carlo technique [65] to argue that this is the case generally—
i.e. that the most massive dark matter halos experience a rapid succession of major
mergers prior to z ≈ 6.
The rate of major galaxy mergers per unit time per dark matter halo evolves
extremely rapidly with redshift, roughly as |dz/dt| ∝ (1 + z)5/2, where the
proportionality holds at the large redshifts of interest here. This is a much steeper
dependence than most physical timescales that plausibly govern the duration of a BH
feeding event—for example, the dynamical time at the virial radius of dark matter
halos scales as (1+z)−3/2. Put another way, we can write the duty cycle of BH growth
at any epoch as
fduty = N˙trig tfeed, (1)
where N˙trig is the frequency of trigger events per BH and tfeed is the typical duration
of each feeding episode. Both of the quantities on the right hand side can depend on
factors such as redshift, BH mass, the masses of the merging galaxies, and so on—I
will return to this point later. For feeding episodes triggered by major mergers of
galaxies, the trigger rate N˙trig(z) increases so rapidly with redshift that there is a
large range of functions tfeed(z) that would allow for nearly continuous BH growth
(fduty(z) ∼ 1) at high z. I motivate a simple parametrization for tfeed for the narrow
subpopulation of SMBHs of interest (z ∼> 6, masses M ∼> 10
9 M⊙), and delineate the
region of parameter space that can explain their formation at the observed number
densities. An example of a successful growth model is one where major galaxy mergers
trigger fast-feeding episodes lasting for a timescale comparable to the dynamical time
of the host halo.
This paper is organized as follows. In §2, I present additional background by
summarizing general properties of luminous quasars and by detailing the argument
that z ∼
> 6 quasar must have experienced nearly continuous growth if their accretion
was Eddington-limited. I present in §3 results from merger-tree simulations of
hierarchical structure formation, showing the prolific growth histories of the massive
dark matter halos that are likely to host the z > 6 quasars. In §4, I motivate a specific
parametrization of the growth episodes triggered by galaxy mergers, and model the
durations of such episodes required to explain the z ∼ 6 quasar SMBHs without
super-Eddington accretion. I conclude in §5.
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Throughout this work, I adopt the cosmological parameters h = 0.7, Ω0 = 0.3,
ΩΛ = 0.7, ns = 0.96 and σ8 = 0.83; these values are chosen based on the latest
published empirical values [66, 67]. While quantities such as the age of the Universe
and the mass function of dark matter halos are sensitive to these parameters, the
methods and results presented here are qualitatively robust.
2. Luminous Quasars and SMBH Growth
The majority of the mass in SMBHs in the local Universe appears to have been
accumulated during luminous quasar episodes [68, 69]. The brightest quasars have
luminosities on the order of 0.1 − 1 times the Eddington luminosity of the SMBH
engine [e.g. 70, 71], LEdd(M) = 1.3 × 10
38(M/M⊙) erg s
−1. The luminosity can be
expressed in terms of the mass energy of the accreted fuel and a radiative efficiency
factor η as
L = ηM˙c2. (2)
By comparing the cumulative quasar luminosity density at z ∼
< 4 with the mass density
in nuclear SMBHs, the cosmic mean value of η is found to be ≈ 0.07 [72, 47], in rough
agreement with theoretical expectations of luminous accretion flows [20, and refs.
therein]. The quasar duty cycle, or the fraction of time SMBHs spend as quasars, is
∼ 1% at z ∼ 2 (where the number density of quasars peaks) [e.g. 73], and decreases
with redshift [e.g. 45, 74, 75, 76].
Estimates of quasar lifetimes vary, but tend to fall in the range ∼ 106 − 108 yr
[e.g. 77, 78, 79, 80, 81]. The radiative and kinetic output from the luminous
quasar is thought to act as a negative feedback, making growth intermittent [e.g.
82, 83, 84, 85, 86]. Although luminous accretion activity is associated with major
and minor mergers, as well as possibly secular processes, the detailed mechanism that
channels the gas to the nuclear SMBH remains an open topic of study [e.g. 87]. There
is uncertainty as to how much of the SMBH growth occurs when it is observable as a
quasar, as opposed to other stages—such as in the midst of a galaxy merger—during
which the central SMBH is heavily obscured.
For a fixed value of η, Eddington-limited accretion implies exponential growth
(M˙ ∝M), with an e-folding timescale
tEdd = 450η Myr, (3)
with tEdd = 31 Myr for η = 0.07. For the adopted cosmological parameters, the age
of the Universe at z = 6 (z = 7) is 910 Myr (750 Myr). If the z ∼
> 6 SMBHs grew
from the remnants of the first generation of stars (Population III or ‘PopIII’ stars)
at z ∼
> 30, then they would have had approximately tavail ≈ 700 Myr to grow to
∼ 109 M⊙. (Note that the available growth time tavail is only marginally longer if the
‘seed’ BH began to grow at, say, z = 50.)
Nuclear BHs can also grow through hierarchical BH mergers, but the efficiency of
this avenue is limited [88] by the gravitational recoil effect [the momentum imparted
by asymmetric gravitational-wave emission on the product of a BH merger, e.g.
89, 90, 91, 92]—that is, Nature cannot simply throw together a thousand seed BHs to
form a BH a thousand times more massive. Optimistic estimates suggest that mergers
between PopIII remnants could contribute a factor Xmerge ∼ 100 toward assembling
a M ∼ 109 M⊙ SMBH by z ≈ 6− 7 [22, 7, 8], regardless of whether the seeds formed
and began to grow in halos with virial temperatures ∼ 400 K or ∼ 2000 K.
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The mean Eddington ratio required to form a SMBH with mass MSMBH from a
seed BH with mass Mseed can be written as [equation reproduced from 43]
fEdd ≈ ln
(
MSMBH
Xmerge Mseed
)/[ tavail
(η/0.07) tEdd
]
≈
[
0.676 + 0.045 ln
(
MSMBH
3× 109 M⊙
30 M⊙
Mseed
30
Xmerge
)]
×
( η
0.07
)( tavail
700 Myr
)−1
. (4)
The masses of the z ∼
> 6 quasars could be explained if they began as PopIII remnants
and grew at the Eddington limit for ≈ 70% of the available time, or at ≈ 70% of the
Eddington limit for the entire available time.
We can repeat the above exercise for the ‘direct collapse’ seed scenario, in which
nuclear BHs form in the gravitational collapse of massive, atomic-cooling (temperature
T ∼ 104 K) gas clouds. Such an event could occur if the gas has low metallicity and is
inundated by a strong ultraviolet (UV) flux that photo-dissociates molecular hydrogen
and thus prevents fragmentation of the cloud into stars of ordinary mass [93, 31,
additional references in §1]. Direct collapse could form BHs with masses 104−105 M⊙,
but only after redshifts z ≈ 15 [36, 38, 42] (when the Universe is ∼ 300 Myr old) if
the mechanism is requires the prior emergence of powerful UV sources [see 44, for a
discussion]. In other words, direct collapse seeds are expected to begin with a head
start in mass, but a delayed start in time. Moreover, because these seeds can only
form in rare massive halos under specific circumstances, their opportunities to grow
via major mergers is limited (i.e. smaller Xmerge than a scenario where PopIII seeds
form and merge). We have [43]
fEdd ≈
[
0.580 + 0.063 ln
(
MSMBH
3× 109 M⊙
105 M⊙
Mseed
3
Xmerge
)]
×
( η
0.07
)( tavail
500 Myr
)−1
. (5)
Equations 4 and 5 imply that both the PopIII and direct collapse seed scenarios
require the z ∼> 6 quasar SMBHs to have grown nearly continuously (i.e. accreting
more than half of the time), if the growth occurred at rates near the Eddington limit.
This statement is still true even if Mseed ∼ 10
4 M⊙ BHs were to have formed as early
as z ∼ 30 [see 43, for an example of such a scenario]. The requirement of such large
duty cycles poses a stark contrast with the rarity of luminous quasar activity observed
at z ∼< 2. It is this contrast that I address in this paper.
3. The Prolific Merger Histories of z ∼
> 6 Quasar Hosts
I begin by discussing the frequency of major merger events for massive galaxies at
redshifts z ∼> 6. The goal here is to answer a simple question: supposing that a galaxy
major merger triggers a feeding episode of the central BH, how often do the hosts of
the z ∼> 6 quasar SMBHs undergo such triggers? In other words, I seek to quantify
one of the two factors, N˙trig on the right hand side of interest in equation 1; I will
turn to the other factor, tfeed, in the next section.
Strictly speaking, throughout this paper I am referring to mergers of host dark
matter halos, not host galaxies However, at redshifts of interest, the masses of the
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Figure 1. The growth history of one DM halo with M(z = 6) ≈ 1013 M⊙.
The thickness of the gray shaded region is proportional to log[Mtrunk/(10
5 M⊙)],
where Mtrunk is the most massive progenitor halo (the “trunk” of the merger
tree). The diamonds denote significant merger events (progenitor masses more
equal than 1:9), with the center of the diamond marking the time of the merger
and the width-to-height ratio equal to the progenitor mass ratio.
most massive halos (M ∼ 1013 M⊙) are comparable to the largest galaxy masses [e.g.
94, 95], but not to galaxy clusters. Therefore, in this paper I assume that galaxy
counts and halo counts are equivalent, and use the two terms interchangeably.
3.1. Major merger histories of the most massive z ≈ 6 halos
The number density of ∼ 109 M⊙ SMBHs at z ∼ 6 is n ∼ 1 comoving Gpc
−3 [96], or
of order one or a few in the Millennium Simulation [97] volume. The masses of dark
matter halos with comparable abundances are ≈ 1013 M⊙, and the naive expectation
is that these SMBHs are hosted by the most massive class of halos [see, however 98].
Earlier, Li et al. (2007) [54] examined a particularly massive dark matter halo in a
cosmological N -body simulation and noted that it experienced seven major mergers
(which they defined as mergers with progenitor mass ratio ξ ≥ 1/5) in rapid succession
between z = 14 and z = 6. They showed that this prolific merger history provides a
plausible explanation for the growth of a z ∼> 6, M ∼> 10
9 M⊙ SMBH without super-
Eddington accretion. Angulo et al. (2012) [99] noted that the most massive z ≈ 6
halos (≈ 1013 M⊙) doubled their masses in the preceding 100 Myr.
I present that the explanation provided by Li et al., if qualitatively correct, is likely
to hold quite generally for any comparable volume in the Universe. Figure 1 shows
a graphical representation of the merger history of a dark matter halo that reaches a
mass of M ≈ 1013 M⊙ at z = 6. The merger history is generated using a Monte Carlo
merger tree algorithm whose underlying mathematical formalism provides excellent
matches to cosmological N -body simulations, especially for large halo masses [e.g.
100], and whose numerical implementation has been shown to be highly accurate [65].
The horizontal axis of Figure 1 shows the age of the Universe, in linear scale
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to emphasize the rapid hierarchical growth of the halo. The width of the shaded
region represents the mass of the most massive progenitor of the halo (i.e. the ‘trunk’
of the merger tree) at any given time; the width of the region is proportional to
log[Mhalo/(10
5 M⊙)]. The diamonds mark merger events (down to mass ratios of
ξ = 1/9), with the center of the diamond indicating the time of the merger and the
ratio of the axes showing the mass ratio of the merging progenitors.
Between z = 16 and z = 6.3, this particular halo experiences 10 mergers with
mass ratios ξ > 1/3, 16 mergers with ξ > 1/5, and 10 additional mergers with
1/5 > ξ > 1/9. The physical time between mergers is much shorter at higher redshifts,
showing a steep evolution in the merger rate with redshift (more on this point shortly).
Figure 2 presents the same information, but for 40 simulated dark matter halos,
all with M(z = 6) > 1012.9 M⊙. The merger tree sample is the same as the one used
in Tanaka & Li (2014) [43]. It is readily apparent from the figure that the points
made in the previous paragraph hold generally for this mass class of halos. All of
these halos undergo Nm ∼
> 10 major merger events (regardless of whether one defines
a major merger with a minimum mass ratio of 1/3 or 1/5) between z ≈ 15 and z ≈ 6,
a span of ∼ 0.65 Gyr. By contrast, the typical massive galaxy experiences ∼ 1 major
merger between z ∼ 3 and z = 0 [e.g. 101], a span of over 11 Gyr.
3.2. The redshift evolution of the major merger rate
To further emphasize the fact that the prolific merger history found by Li et al. is
generic for all halos of similar mass at similar redshift, and in an effort to quantify this
trend, I show in Figure 3 the mean merger rates dNm/dt (per unit time per halo) of
massive halos. The halo sample includes 40 halos with log10[M(z = 6)/M⊙] > 12.9,
100 halos with 12.9 > log10[M(z = 6)/M⊙] > 12.5, and 100 halos in each mass bin
with 12.5 > log10[M(z = 6)/M⊙] > 12.0, 12.0 > log10[M(z = 6)/M⊙] > 11.5 etc.,
down to 8.5 > log10[M(z = 6)/M⊙] > 8.0. The counting statistics for each mass
bin are scaled up to match the abundances expected in a 50 comoving Gpc3 volume
[‘halo cloning’; see, e.g. 22, 43]. This method is effective for examining the assembly
histories of the most massive DM halos, which are sparsely sampled by even the largest
cosmological N -body simulations; on the other hand, it offers much weaker statistical
power for all but the most massive objects (i.e. the lower-mass bins are represented by
a hundred halos here, but represented in the thousands in large N -body simulations).
In Figure 3, the thick blue, medium green, and thin red curves show merger
rates of dark matter halos whose (post-merger) masses are log10[M(z)/M⊙] > 11.5,
11.5 > log10[M(z)/M⊙] > 9.5 and 9.5 > log10[M(z)/M⊙] > 7.5, respectively. The
solid curves show the rate of mergers whose progenitor mass ratios are greater than
ξ > 1/3, and the dashed lines show the rate of mergers with ξ > 1/9.
The grey lines show the mean merger rate in the main progenitor (the merger
tree ‘trunk’) of the most massive halos that haveM > 1012.9 M⊙ at z = 6. This is the
same sample of 40 halos whose merger histories are graphically represented in Figure
2. The thickness of the grey curves and their colored accents denote where the mean
mass for this sample lies within the mass bins described above (i.e. thick blue denotes
where log10[〈M(z)〉/M⊙] > 11.5, and so on). Note that whereas the blue, green and
red curves show the mean merger rates for halos in the entire simulation sample, the
grey curves show the merger rates only for the main progenitors of halos that end up
with M(z = 6) > 1012.9 M⊙.
Figure 3 shows some noteworthy trends, most of which have been noted
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Figure 2. The same as Fig.1, except that this figure shows the growth histories
of 40 simulated DM halos with M(z = 6) ≈ 1013 M⊙. The thickness of each
gray region is proportional to log[Mtrunk/(10
5 M⊙)]. The diamonds mark merger
events with progenitor masses more equal than 1:9, with the width-to-height ratio
equal to the progenitor mass ratio. The “trunk” of each merger tree has a mass
of ∼ 106 M⊙ at z = 40.
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Figure 3. The mean merger rates dNm/dt (per unit time per halo), of DM halos
in the merger tree simulation. The thick blue lines denote mergers for halos with
M > 1011.5 M⊙, the green lines for halos with 1011.5 M⊙ > M > 109.5 M⊙,
and the thin red lines for halos with 109.5 M⊙ > M > 107.5 M⊙. The solid
and dashed lines show mergers with progenitor mass ratios ξ > 1/3 and ξ > 1/9,
respectively. The grey curves show the mean merger rates for the main (‘trunk’)
progenitor for halos that have M > 1012.9 M⊙ at z = 6 (the same 40 halos as
shown in the previous figure), with the line thickness and color accents indicating
when the mean mass of the trunk lies within the three bins described above. For
reference, I have also plotted the quantities t−1
dyn
∝ (1 + z)3/2 (solid black line)
and |dz/dt| ∝ (1 + z)5/2 (dotted black line).
in previous studies utilizing semi-analytic methods [e.g. 102, 103] and N -body
simulations [e.g. 104, 105]. First, more massive halos have somewhat higher merger
rates. Second, mergers of ratios ξ > 1/3 are almost as common as mergers of ξ > 1/9.
This piece of information is useful because the definition of what mass ratios constitute
a ‘major’ merger is arbitrary; previous works have used ξ > 1/4, ξ > 1/5, and so on.
This figure suggests that the choice of a minimum ξ value for defining a major merger
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(i) does not qualitatively affect the (steep) redshift evolution of the inferred major
merger rate, and (ii) affects it quantitatively only up to a factor of order unity. (Note
that there are other uncertainties in defining and interpreting merger rates of halos
and galaxies [106]). Third, and most importantly for the topic of this paper and
as suggested by the previous figures, the major merger rate per galaxy evolves very
rapidly with redshift. Across the range of halo masses considered here, the rate at
15 ∼
< z ∼
< 20 is higher by an order of magnitude than the rate at 6 ∼
< z ∼
< 8, which
is in turn ∼ 10 times greater than the predicted major merger rates of quasar hosts
at z ≈ 2 [105, see below]. Finally, the cosmic mean merger rate for halos in a fixed
mass range at all redshifts (colored curves) and the mean merger rate for the main
progenitors of the M(z = 6) ≈ 1013 M⊙ halos across five orders of magnitude of mass
growth (grey curves) exhibit similar redshift evolution.
For comparison, I have plotted the quantity |dz/dt|, or the rate at which the
Universe ages per unit redshift, as a dotted black curve. At the redshift values
of interest, dz/dt scales approximately as ∝ (1 + z)5/2. The evolution of the halo
merger rate roughly follows this power law, consistent with theoretical expectations
and confirming the fidelity of the merger trees. This simply reflects the fact that the
theoretical merger rate per redshift dNm/dz depends weakly on z.
These semi-analytic results can be compared to those of Fakhouri et al. (2010)
[105], who investigated the halo merger rates in the two Millennium Simulations
[97, 107]. Although the cosmological parameters adopted here differ slightly from
those in those simulations, the two sets of results are broadly consistent with each
other: those authors also found major merger rates of dNm/dt ∼
> 1 Gyr−1 for massive
halos at z ∼
> 6, and that dNm/dt scaled roughly as ∝ dz/dt× (1 + z)
0.1 ∝ (1 + z)2.6.
The reader may wish to juxtapose Figure 3 in this work to the right-hand panel of
Figure 3 in Fakhouri et al. Note that whereas that study focused mostly on halo
mergers at z ∼< 7, here I’m interested in the range 6 ≤ z ∼< 40.
4. SMBH Feeding Times
Having quantified the host merger rates, the rate of trigger events in equation 1, I now
turn to the effective duration of the SMBH ‘feeding time.’
It is worth re-emphasizing that the exact manner in which galaxy mergers deliver
gas to the central BH(s) is not fully understood [cf. 87, 108]. Assuming constant growth
at fixed Eddington rate is (predictably) problematic [22]. While numerous studies—
semi-analytic models, as well as simulations that employ sub-grid prescriptions for
SMBH growth—have used Bondi-Hoyle accretion, this prescription is known to break
down in the presence of radiative feedback from the BH [86], angular momentum [109],
inhomogeneous gas cooling and dynamics [110, 111], advection [112, 113], thermal
conduction [114, 115], etc. Indeed, many examples of luminous BH activity do not
appear to be represented by Bondi accretion [e.g. 116]. Prescriptions where SMBH
growth is coupled to the baryonic properties of the host can be successful with specific
model prescriptions [e.g. 117, 118], as are some models with local [e.g. 83, 72], and
global [7] regulatory feedback.
In discussing the host merger-triggered feeding times, it is important to clarify
two points. First, the growth episode is not a step-function event [e.g. 80], but rather
a continuous process during which the SMBH accretion rate varies with time. Here,
I refer to as the ‘feeding time’ the effective period over which the average accretion
rate is equal to Eddington. Second, I distinguish the terms ‘feeding time’ and ‘quasar
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lifetime’ to emphasize that the two need not be the same. Although quasar episodes
are associated with the final stages of SMBH growth via rapid gas accretion, at
high redshifts the growth could be preferentially more obscured due to greater gas
column densities—particularly so, if obscuration by host mergers are commonplace.
Depending on the host morphology, as well as the line of sight, timing and wavelength
of the observation, a given growth episode may or may not be classified as a quasar.
In general, the feeding time should depend on a number of variables: the total
mass and mass ratio of the merging host, the redshift, the mass and spin of each
nuclear BH, the gas metallicity, the geometry of a given host merger and the angular
momentum of the gas, and perhaps the dynamics of the nuclear BHs as they form a
binary and evolve. However, in this particular instance, we’re concerned with a very
specific subpopulation of massive dark matter halos that share similar growth histories.
All of these halos were selected to have similar masses at z = 6, and their mass growth
historiesM(z) are highly uniform, with the masses of their main progenitors typically
only varying by a factor of a few out to z ∼ 40; see Fig. 2. (Note that this trend
does not extend to lower redshifts; the most massive halos at z ∼ 6 do not necessarily
grow into the most massive halos at z ∼< 2 [e.g. 99].) I will also restrict the following
analysis to major mergers with mass ratios ξ ≥ 1/5.
In addition, these halos always have masses well above the cosmological Jeans
(filtering) scales, even in hypothetical scenarios where the intergalactic medium is
heated prolifically by early mini-quasar activity [7]. Thus, at any given redshift, these
halos are the least sensitive (compared to lower-mass halos) to spatial fluctuations in
local radiative backgrounds.
I consider a feeding time of the form
tfeed(Mhalo,MBH, z, ξ, ...) ∼ 〈tfeed(z = 6)〉
(
1 + z
7
)A
. (6)
That is, because in this particular instance the variations in Mhalo(z), the merger
rates, and the mass ratio ξ are small, I suppose that the duration of the SMBH
feeding episode can be characterized by a characteristic mean value 〈tfeed(z)〉 that
follows a redshift evolution (1 + z)A. I assume that at any given redshift, the feeding
episode duration can be characterized by a log-normal distribution with scatter B.
Many studies have sought to empirically estimate quasar lifetimes, with large
uncertainties. The best constraints come from data at z ∼
< 2; the limited redshift
range, and the fact that the overall quasar sample contains a wide variety of host
galaxies and SMBH masses, makes it difficult to evaluate how SMBH growth depends
on the redshift and the host properties. For example, Wyithe & Loeb (2009) [81]
suggest that the quasar lifetime scales with the dynamical time of the host dark
matter halo, tdyn ≈ 230 [(1 + z)/7]
−3/2 Myr [e.g. 119]. For reference, I have plotted
t−1dyn ∝ (1 + z)
3/2 alongside the halo merger rates in Figure 3 (solid gray line).
I perform a parameter space survey to quantify what combinations of feeding
time parameters—normalization 〈tfeed(z = 6)〉, redshift evolution slope A, and scatter
B—can explain the observed population of z ∼ 6, M ∼> 10
9 M⊙ quasars via host
merger-triggered, Eddington-limited growth. I assume that a nuclear BH is in place
in each massive halo, and that following a major merger ξ ≥ 1/5 the BH accretes
for tfeed, drawn randomly out of the z-dependent log-normal distribution, over which
time the mean accretion rate is Eddington. I take a conservative model, in which a
subsequent major merger during tfeed does not extend the feeding episode (i.e. rapid
mergers cannot counteract feedback by ‘blowout’); an alternative model would be one
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where the BH accretes for tfeed since the last major merger. This exercise is repeated
100 times (to statistically average different possible Monte Carlo realizations of tfeed)
for each of the main progenitors of the sample of halos with M(z = 6) ≥ 1012 M⊙.
Molecular-cooling halos that have just formed PopIII stars will have shallow
potentials, and may be more susceptible to negative feedback from BH activity
[120, 121]. Therefore, I only allow BHs to grow if their halos are atomic-cooling
(virial temperatures ∼ 104 K), which may be a crucial threshold that allows for dense
cooling flows to carry gas to the central BH [122, 123, 124]. Note that this sample of
particularly massive halos becomes atomic-cooling at z ∼> 30, and exist at the same
abundances as the z ∼
> 6 quasars (∼ Gpc−3) as early as z ∼ 40 [see 43, Fig. 2]. This
is much earlier than the typical redshift for PopIII formation (z ≈ 20) or proto-galaxy
formation (z ∼> 10). This implies that if the first ‘monster’ SMBHs grew from PopIII
seeds, then the numerical simulations focusing on typical halos at z ∼ 10 − 20 may
not be representative of their cradles.
The collected output is the number density of host halos whose central BHs
would have grown to ∼ 109 M⊙ by z = 6. In Figure 4, I plot this quantity for
population synthesis realizations resulting from different combinations of the three
model parameter values. I evaluate the number density of halos whose BHs have
grown by a factor fgrow ≥ 10
6 from when the main progenitor of the host halo is
atomic-cooling to z = 6. That is, the seed BH in the main progenitor must grow
by a factor of ≥ 106 via host merger-triggered gas accretion episodes, and acquire
1000 M⊙ from a combination of the initial mass and BH mergers (e.g. by having
100 M⊙ at formation and growing by a factor 10 via BH mergers). The white grids
in the figure represent model parameter combinations that do not produce any such
quasar SMBHs. The dark grey and black grids show models that overproduce massive
BHs at z = 6. A model may be said to be viable if the predicted number density of
z ∼ 6, M ∼> 10
9 M⊙ SMBHs matches the observed estimate of n ∼ 10
−9 Mpc−3 [96].
The blue solid lines in Figure 4 show, for reference, the combination of parameters
where 〈tfeed(z = 2)〉 would be 10 Myr and 100 Myr, representing the approximate
quasar lifetimes derived from observations at z ∼< 2. These blue lines are meant only
as rough guides. Again, (i) quasar lifetimes are not (necessarily) BH feeding times,
and (ii) the halos studied here belong to a very narrow subset of the most massive
z > 6 halos and have quantitatively similar mass growth histories, and may be quite
different from hosts of low-redshift quasars.
I repeat the above parameter survey for direct-collapse seed models, which may
form by z ≈ 15 and have initial masses as large as M ∼ 105 M⊙ [see §2]. Whereas for
Population III seed models I considered BHs that have grown by fgrow ≥ 10
6 between
when the host becomes atomic-cooling and z = 6, here I consider BHs that have
grown by fgrow ≥ 10
4 between 15 ≥ z ≥ 6.‡ The results are plotted in Figure 5. The
parameter requirements do not differ very much from the PopIII case, which is not
surprising given that similar mean Eddington ratios are required for both the PopIII
and direct collapse families of models [see equations 4 and 5]. Roughly speaking, both
models require BHs of masses ∼ 105 M⊙ to be in place by z ∼ 12 − 15, and grow by
a factor ∼ 104 by z ≈ 6.
Figures 4 and 5 show that the z ∼
> 6 quasar population could be explained,
for both Population III and direct-collapse seed models, by host merger-triggered
‡ Note that the analysis does not require the seed BH to form in the main progenitor; it can form
in a UV-inundated satellite halo in the vicinity of the ‘trunk’ halo, which serves as the UV source to
aid direct collapse [36], then subsequently fall into the more massive halo.
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Figure 4. The number density of BHs in halos with Mhalo(z = 6) ≥ 10
12 M⊙,
and that have grown by a factor fgrow ≥ 106 between when the main progenitors of
host halo becomes atomic-cooling (virial temperature ≥ 104 K, z ∼> 30) and z = 6.
These criteria are representative of the growth requirements from a Population III
BH seed (see text). The different grids show outcomes for different combinations
of parameters for the feeding time: the normalization at z = 6 and the redshift
dependence exponent A (where 〈tfeed(z)〉 ∝ (1 + z)
A). The three panels show
results for different assumptions of log-normal scatter in the feeding times, from
top to bottom, 0.1, 0.3 and 0.5 dex. White grids show models that have no
SMBHs at z = 6, and dark gray grids show those that exceed the observed quasar
number density (n ∼ 10−9 Mpc−3).
accretion near the Eddington limit if feeding episodes last for 〈tfeed(z = 6)〉 ∼
30 − 100 Myr and if the slope of the redshift evolution is A ∼
> −2. Large values
of the scatter B ∼> 0.3 in the distribution of feeding times can enhance the number of
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Figure 5. Same as the previous figure, but here I plot the number density of BHs
that have grown by a factor fgrow ≥ 104 between z = 15 and z = 6, representative
of the growth requirements for UV-aided direct collapse seed models.
particularly massive BHs (i.e. if it is more common for major mergers to trigger long
feeding episodes).
5. Conclusions
I have investigated the merger histories of dark matter halos at z ∼
> 6, focusing on
halos that are massive enough (M(z = 6) ≥ 1012 M⊙) to plausibly host the z ∼> 6
quasars. Below is a summary of the findings.
(i) The mean major merger rate of the main progenitors of the M(z = 6) ≈ 1013 M⊙
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halos is approximately equal to |dz/dt| ∝ (1 + z)5/2, all the way up to redshifts
z ∼ 40. This approximation is valid within a factor of two, whether one defines
a major merger by a mass ratio threshold ξ > 1/9 or by ξ > 1/3. This result
is consistent with expectations from semianalytic theory and results from large
cosmological N -body simulations.
(ii) The steep evolution of the merger rate dNm/dt directly implies that for a wide
range of physical BH feeding mechanisms with duration tfeed, the duty cycle
fduty = dNm/dt× tfeed increases with redshift. While tfeed can in general depend
on a myriad factors, I took advantage of the fact that the halos of interest here
share closely similar assembly histories to conjecture that the feeding times for
these halos can be characterized as a function of redshift with a reasonably small
scatter. The formation of the z ∼
> 6 quasar SMBHs can be explained without
super-Eddington accretion, for both PopIII and direct collapse seed models, if
tfeed is greater than several 10 Myr at z ≈ 6 and scales with redshift as (1 + z)
A
with A ∼
> −1.5, for scatter in tfeed of ∼ 0.3 dex. This parameter space includes
tfeed ∼< tdyn(z) = 230 [(1 + z)/7]
−3/2 Myr. This finding suggests that the SMBH
growth scenario suggested by Li et al. [54] may be viable for a plurality of all
dark matter halos at this mass scale that host a nuclear BH.
(iii) The main progenitors of the z ∼> 6 quasar hosts become molecular-cooling
(atomic-cooling) very early, at z ∼
> 40 (z ∼
> 30), significantly earlier than halos
in detailed cosmological simulations that focus on the formation of typical first
stars and galaxies, at z ∼> 20 (z ∼> 10). Such simulations may not be well-
suited for studying the the evolution of the z ∼
> 6 quasar SMBHs, as they would
underestimate the effects of halo growth and mergers, especially for PopIII seed
models.
When considering the origins of the z ∼
> 6 quasar SMBHs, it is important to keep
in mind that the observed properties of z ∼> 6 galaxies are remarkably similar to what
is found at later cosmological epochs: their masses are comparable to (but somewhat
lower than) those of the most massive SMBHs and galaxies in the local Universe; the
quasar spectra and metallicities appear identical to what is found at lower redshifts
[125, 17]; they exhibit strong star formation [126] and winds [127] associated with
post-merger quasar activity. In a similar vein, massive galaxies at z ∼ 7− 9 appear to
already have metal-enriched stellar populations with ages of ∼ 100 Myr [e.g. 128, 129].
The masses of both the z ∼
> 6 quasar SMBHs and their hosts are comparable to
the largest masses of SMBHs and galaxies found at lower redshifts. Indeed, the simple
expectation from the theory of hierarchical structure formation is that the abundance
of galaxies approaching the mass ceiling of galaxies [94] reaches ∼ Gpc−3 by z ∼
> 6.
That is, the observation of SMBHs at the highest mass scales at z ∼> 6 is coincident
with the emergence of the most massive class of galaxies—expected from theory, and
observed to be fully evolved. It also follows from theory that after their relatively
early arrival on the cosmic stage, the population of massive galaxies should evolve
increasingly slowly as the Universe ages—at the largest masses due to the inhibition
of gas cooling, and in general due to the precipitous drop in the frequency of major
mergers (the triggers of starbursts and SMBH growth) toward low redshifts. This is
qualitatively consistent with observed trends in the emergence and growth of the most
massive SMBHs and galaxies throughout cosmic time [68, 130].
One then wonders: aside from their early formation, what is extraordinary about
the z ∼
> 6 quasars and their hosts? That their hosts are more compact, gas-rich
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and rapidly merging despite having similar masses to their low-redshift counterparts
may result in their BHs having somewhat larger Eddington ratios [96] and being
heavily obscured for large periods of time (in addition to their being possibly obscured
at birth [33]). The latter possibility could negatively affect the detectability of
z > 7 quasars by the James Webb Space Telescope and Athena+ at rest-frame UV
and X-ray frequencies, respectively, while making large contributions to the cosmic
infrared background [see, e.g. 131, 132]. The correlations between SMBHs and galaxy
properties could differ from what is found in the local Universe [e.g. 126], depending
on the details of the seeding and growth mechanisms [133, 134].
The formation and evolution of low-mass galaxies and their nuclear BHs may
have proceeded quite differently at high redshifts, as gas cooling in small (proto-)
galaxies is known to be more sensitive to the temperature and ionization state of the
inter- and circumgalactic media. The transition of the IGM from neutral < 100 K
gas at z ∼ 20, to ionized gas with temperatures comparable to protogalactic virial
temperatures and the atomic-cooling threshold at z ∼ 7, would have affected star
formation and BH growth in low-mass galaxies. It is interesting to note that the
hosts of the z ∼> 6 SMBHs were likely to be the least affected by this upheaval of the
intergalactic environment [e.g. 7].
A minimalistic, zeroth-order ansatz would be that once their immediate environ-
ments are ionized and provided that they are above the cosmological Jeans (filtering)
mass scale, the formation and evolution of galaxies—SMBHs, metallicities, winds and
all—are driven primarily by the gravitational environment of their dark matter halos,
at high and low redshift; that while the earliest galaxies and SMBHs at the largest
mass scales arise and evolve rapidly, they do so without processes that are either rare
or absent (e.g. highly super-Eddington accretion) in galaxies of similar mass at lower
redshift. Or, we can turn this ansatz into a question: Is there a redshift above which
the evolution of massive galaxies and their SMBHs is qualitatively different from what
is observed at z ∼< 2? Just as Turner (1991) [135] noted for z ∼ 4 quasars, the for-
mation of the z ∼
> 6 quasars could be explained within the confines of ‘conventional
cosmic structure formation.’
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